Abstract. In search for faster and more reliable communication, multiple-input multiple-output (MIMO) in conjuction with Orthogonal Frequency Division Multiplexing (OFDM) are subject of extensive research. In spatial multiplexing transmission an instantaneous rise of data rates governed by the number of transmit antennas can be realised. The system performance depends highly on signal-to-interference-plusnoise ratios (SINR) at the receiver. The receiver's equaliser is supposed to maximize the SINR by mitigating the spatial interference and thus separating the transmitted signals. For this problem several solutions exist such as linear and nonlinear, per subcarrier or OFDM symbol-based. An overview of common algorithms is given and complexity is discussed. Bit error rate (BER) performance evaluations are presented. Another aspect is the impact of the equalisation strategy on the performance of bit-interleaved soft information-based channel coding schemes. As a representative, LDPC codes are chosen. Simulation results show a significant BER performance loss for symbol decision-based equalisers compared to the uncoded performance. To overcome this problem a modification of the Maximum Likelihood algorithm is proposed which yields good performance for low SNR applications.
Introduction
In upcoming MIMO OFDM systems Spatial Multiplexing is an convenient way to linearly increase bandwidth efficiency with the number of transmit and receive antennas primary at the expense of higher SNR demands. Detection algorithms Correspondence to: P. Beinschob (patric.beinschob@hsu-hamburg.de) tend to vary in complexity, the lower the SNR requirements the higher the complexity.
Mobile scenarios are a particular challenge. This is partly due to outdated channel state information (CSI) as well as the fact that many receivers neglect the time-variant behaviour of the channel during a frame and even OFDM symbol. The multiple, independent OFDM send signals are superposed in the wireless channel, modelled by a channel matrix and additive, white gaussian noise (AWGN). The signals are convoluted by a time-varying channel matrix that results in a nonlinear system model. Thus, orthogonality of the OFDM subcarriers is disturbed. Simulation results based on 3GPP MIMO Spatial Channel Model show the detection performance over SNR for a range of velocities.
The rest of the paper is organized as follows. The underlying system model in time and frequency-domain, as well as a vectorised representation are presented in Sect. 2, followed by a brief review of per layer MIMO detection algorithms in Sect. 3. Joint detectors are discussed in Sect. 4. Furthermore the proposed time-domain interference mitigation is presented in Sect. 5. The paper is concluded by illustrating simulation results in Sect. 6 and a conclusion.
System model and structure
The vector of received values r at the time sample m of a MIMO system is the superposition of L · n T previously sent samples and the current n T samples, where L+1 is the length of the sampled channel impulse response and n T is the number of transmit antennas. It is given by 
The data symbols of the K subcarriers are modulated by an inverse Fast Fourier Transform (IFFT). In simulations every value corresponding to a transmit antenna of the resulting vectors is transmitted using the formula above. The data symbols itself are drawn from an M-order QAM modulation alphabet M. The mapping, denoted by M{·}, modulates κ = log 2 M bits to a QAM symbol. This is done consecutively for all n T send streams/layer. The QAM constellations are considered power-normalized to simplify notation. In frequency domain the system model in Eq.
(1) can be described as
where n denotes the time index of an OFDM symbol and k its subcarrier index. The vectors r[n,k] and w[n,k] are of dimension n R × 1, s[n,k] of n T × 1 and the matrix H[n,k] of n R × n T , at which n R is the number of transmit antennas. In simulations the MIMO channel coefficients H r,t [n,k], r = 1,...,n R , t = 1,...,n T are modeled using the 3GPP spatial model which was developed to evaluate receiver algorithms in MIMO scenarios (3rd Generation Partnership Project 3GPP-TR25.996, 2008) . The superposed received signals are transferred back into the frequency domain with the help of a FFT, resulting in the vectors r[n,k] of Eq. (2). A perfectly known channel matrix H is assumed for all detectors, as well as perfect synchronization and total avoidance of block interference, i.e. the cyclic prefix is longer than the maximum delay path. The MIMO detector's performance is evaluated in terms of soft information in form of channel loglikelihood ratios (LLRs), L C (x) and in direct form as hard decided bits.
Vectorised system model
The vectorised system description of Eq. (1) -for a block symbol based system where block interference is avoided, e.g. OFDM with cyclic prefix removed -can be denotes as
where the dimensions are r (v) ,w (v) ∈ C K·n R ,s (v) ∈ C K·n T and h (v) ∈ C K·n R ×K·n T , (Stamoulis et al., 2002) . The channel matrix structure is as follows:
where
The vectorised formulation of the send vector is as follows
Analogue for the receive vector
3 Per layer detection
The idea of MIMO per layer detection is to map the problem back into the send space and decide upon the most likely symbol per send layer or send antenna stream t = 1,...,n T -which is identical in spatial multiplexing -as depicted in Fig. 1 . This is reduction in complexity but leads to suboptimal results compared to joint layer detection.
Linear receivers
Zero-Forcing is well known method, an optimal linear solution neglecting noise is given bỹ
High amplification of noise for low singular values leads to bad performance. The complexity for a block symbol is O(Kn R n 2 T ). If noise is considered, the so-called linear MMSE solution is obtained,
It is limiting amplification, thus power, with a complexity of O(Kn R n 2 T ).
Successive interference cancelation
Traditional Zero-Forcing approach is hard-decision only with a complexity of O(Kn 2 R n 2 T ) (Wolniansky et al., 1998) . The following improved algorithms are also considered here: the VBLAST/MMSE variant, which utilize Eq. (9) for cancelation and a maximum a-posteriori order criterion is developed by Yapici (2005) , called VBLAST/ZF/MAP.
Joint layer detection

Maximum likelihood symbol vector detection
Based upon r and channel matrix knowledge H optimal detection in a Maximum Likelihood (ML) sense is determining the most probable send symbol vector s, minimizing the distance:
where S = M n T is the set of all possible send vectors. It contains M n T vectors. Testing all combinations and taking the most probable, yields optimal results at exponential complexity O(KM n T ). A well investigated approach to reduce the complexity by maintaining Maximum-Likelihood performance is the so called Sphere Decoding (Hochwald and ten Brink, 2003).
Soft maximum likelihood detector
Realizing Eq. (10) straight forward, a list of all M n T distances is created:
Instead of considering onlyŝ j with d j = min i d i values, the neighborhood of the minimum is incorporated in the detection. Basic idea is to consider hypothetic vectors in an expectation value within a radius around r assuming Gaussian noise:
The factor c of the noise deviation σ w can be varied, it is set to c := 6 in the following. The complexity is the same as in the ML case.
Time domain interference mitigation
For time domain equalisation (TEQ), the vectorised system description Eq. (3) Fig. 2 . Receive and send vector space for a BPSK 2×2 system with proposed SoftML equaliser.
The operator ⊗ denotes the Kronecker product. Following the MMSE criterion, an optimal interference mitigating filter matrix maximizing SINR (Stamoulis et al., 2002) , is calculated by
with m = 1,...,K. The solution is efficiently calculated by Cholesky decomposition of the covariance matrix R hh . Adding the identity matrix is for numerical stabilisation only (Haykin, 2001) . Finally, the filter matrix is given by
Applying the filter to the received signals the estimated n T send signals for one OFDM symbol in time domain are calculated bys (v) = · r (v) . The complexity is O K 3 · n R · n 2 T . It is obviously higher than in the frequency domain case because of the K 3 dependence. However, for large systems approximations can reduce the complexity as shown by Hueske and Götze (2009) .
Simulation results
First, results are presented for the frequency domain equaliser algorithms. A 4 × 4 system was considered with Rayleigh block fading. Uniform distributed bits were LDPC coded with an irregular LDPC code with design code rate of 1/2, interleaved and 4-QAM modulated. LDPC codes are chosen because of high codeword distance and parallelisable decoder structure (Richardson et al., 2001) . BER versus SNR for the uncoded system are depicted in Fig. 3 , for the decoded case see Fig. 4 . For the decoding the equalised symbols were LLR demapped per layer, which reduces complexity with respect to the joint detection. In case of uncoded transmission, there are approximate four orders of magnitude between the optimal detection algorithms based on maximum likelihood and the linear approaches (ZF, MMSE) at 22 dB. ZF and the MMSE approach show different behaviours for the coded case. Comparison of VBLAST/ZF and VBLAST/MMSE demonstrates that neglecting noise leads to a significant performance loss. In the MMSE approach through the LLRs the uncertainty of an equalised symbol is carried to the decoder and can be reflected there. The simulations for comparison of FEQ resp. TEQ were performed on a 4 × 4 MIMO-OFDM system with K = 128 subcarriers and a cyclic prefix length L = 6. For a realistic channel the 3GPP Spatial Channel Model was used. The results are shown in Fig. 5 . Note that for longer OFDM symbols e.g. K = 1024 the normalised Doppler frequency increases with a factor 8, so results for the velocity region of 160m/s would translate into the region around 20 m/s. It can be seen that for high velocities of the mobile station TEQ shows significant gains in terms of symbol error rate (SER) which increases with growing SNR. 
Conclusions
In this paper we have compared sub-optimal frequency domain equaliser with respect to coded performace in per layer LLR calculation and presented results for time domain equalisation mitigating intercarrier interference and spatial interference as well. We compared those results with the analogue equaliser in the frequency domain. For highly mobile terminals significant gains in terms of BER can be realized by employing time domain processing. When considering complexity, frequency domain equalisation is in favor, of course. To use those gains, future applications might switch to time domain equalisation at a certain velocity, depending on overall link quality and quality of service constrains.
